The effects of clearfelling and subsequent residue retention or burning on water and nutrient balances needs to be under- 
Introduction
Water use under commercial plantation forestry has been extensively studied in South Africa with the outcomes used to formulate guidelines for water use charges and regulations '\H DQG 9HUVIHOG 7KHVH UHJXODWLRQV DQ LQFUHDVHG GHPDQG IRU ZRRG SURGXFWV DQG QXPHURXV RWKHU SROLWLFDO HFRQRPLF DQG HQYLURQPHQWDO IDFWRUV KDYH SUHVVXULVHG WKH industry to seek innovations to enable larger quantities of timber and biomass to be produced from a decreasing land base )6$ 7KH ORVV RI ODQG DUHD EHWZHHQ DQG )6$ KDV RFFXUUHG WKURXJK inter alia: wetland deline-DWLRQ VXFFHVVIXO ODQGFODLPV WKDW KDYH VXEVHTXHQWO\ UHVXOWHG LQ ODQG EHLQJ FRQYHUWHG RXW RI IRUHVWU\ DQG WKH HVWDEOLVKPHQW of wildlife corridors through plantation forest areas. Increases LQ SURGXFWLYLW\ RI IRU WKH VDPH \HDU SHULRG KDYH EHHQ UHDOLVHG WKURXJK WKH VHOHFWLRQ RI IDVWHU JURZLQJ WUHHV LPSURYHG PDWFKLQJ RI WUHH VSHFLHV WR VLWHV IRU RSWLPDO WLPEHU JURZWK SODQWLQJ RI GLVHDVHUHVLVWDQW FORQDO YDULHWLHV VKRUWHU URWDWLRQ OHQJWKV PRUH LQWHQVLYH VLOYLFXOWXUDO SUDFWLFHV DQG PHFKDQLVDtion. This has also substantially increased the rate and quantity of biomass removal per unit land area of plantation forests and consequently increased pressure on water and nutrient resources on the remaining land area. It is therefore crucial that the negative impact of a greater demand on water be under-VWRRG DQG TXDQWL¿HG VR WKDW ORQJWHUP VXVWDLQDEOH SURGXFWLYLW\ can be maintained and promoted.
Soil moisture is rapidly utilised under forestry with little evidence of long-term soil or ground water recharge under IXOOFDQRSLHG HXFDO\SW FURSV DV G\QDPLF HTXLOLEULXP LV maintained between stomata and leaf area index controls of HYDSRWUDQVSLUDWLRQ DQG VRLO PRLVWXUH DYDLODELO\ ' A study was initiated to compare soil moisture content and drainage volumes (using in situ PHDVXUHPHQW WHFKQLTXHV LQ D PDWXUH FORQDO HXFDO\SW VWDQG ZLWK WKRVH DIWHU IHOOLQJ DQG upon which residue burn and no-burn management practices ZHUH LPSRVHG DQG IRU WKH ¿UVW PRQWKV RI QHZ FURS JURZWK ,Q DGGLWLRQ D VRLO PRLVWXUH PRGHO +\GUXV ' ZDV FDOLEUDWHG with soil moisture content measured at each depth to verify the predictive ability of the model used. This study forms part of a larger study that aimed to determine the impact of site management on long-term sustainable productivity with respect to natural and management-induced nutrient losses and gains. The model will be discussed in future publications as a tool WR SUHGLFW GUDLQDJH ÀX[HV :DWHU ÀX[HV ZLOO EH PXOWLSOLHG E\ measured dissolved nutrient concentrations to estimate nutrient ÀX[HV GXH WR JUDYLW\ GUDLQDJH LQ D VLPLODU PDQQHU WR WKDW XVHG E\ /DFODX HW DO
Materials and methods

Study site
The site selected was located on the Zululand coastal plains QRUWKHUQ .ZD=XOX1DWDO 6RXWK $IULFD ZKHUH H[WHQVLYH DUHDV of sandy structureless albic arenosols and a sub-tropical climate UHVXOW LQ DUHDV RI ORZ VRLO IHUWLOLW\ )H\ DQG +XJKHV EXW high productivity potential. The experiment was initiated at the end of 2007 in a 17.6 hectare compartment of 7-year-old clonal Eucalyptus grandis x camaldulensis in the Siyaqhubeka-owned Dukuduku plantation (Fig. 1) The trees were originally planted at a spacing of 3 m x 3 m in a rectangular compartment (92 x 213 trees) that was chosen as having its long axis as close to a north/south orientation as possible (Fig. 2) . Tree volume at 7 years was derived from tree height and diameter at 1.3 (Fig. 3a) . Tree diameter at 1.3 m above ground level (dbh) frequency distribution was considered in selecting a 4 x 4 tree sub-plot into which the equipment was installed. This was done to distribute the collectors under a range of tree canopies that represented the full range of tree size classes found across the study site. (Fig. 3b) were slotted 20 mm polyurethane tubes attached to HDFK RI WKH WUHHV GUDLQLQJ LQWR VHSDUDWH Ɛ ERWWOHV FRQWDLQHG LQ D SDUWLDOO\ EXULHG Ɛ EXFNHW /HYLD DQG )URVW 7KH tubes spiralled each tree twice from 0.6 to 1.4 m above ground OHYHO KHOG IDVW WR WKH WUHH ZLWK SODVWLF SDFNDJLQJ EHOW WKUHDGHG through the tube. Contact between the tree and tube length was achieved using a silicone sealant.
A crescent-shaped trench was excavated to a depth of P WR DOORZ PHDVXUHPHQW RI VRLO PRLVWXUH VWDWXV DQG ÀX[ RQ the site (Fig. 3c) . The trench was situated between the trees so WKDW WKH ZDOO RI WKH SLW JDYH DFFHVV WR WKH LQWHUURZ RI WUHHV WKH IURQW RI WKH FUHVFHQW IDFLQJ WUHHV WKH DUPV WXUQLQJ GLDJRnally across the intra-row of 2 trees each. This was done to allow access to undisturbed soil at the pit face while allowing the pit face to cover as much soil and tree size variability as 
UDG\ HW DO 3ULRU WR LQVHUWLRQ VRLO IURP WKH HQYHORSH ZDV SODFHG DV VOXUU\ LQWR WKH SODWH WKH SODWH SUHVVHG WR WKH WRS RI WKH HQYHORSH WR PDNH EHVW FRQWDFW DQG WKH JDS XQGHU WKH SODWH ZDV ¿OOHG ZLWK WKH UHPDLQLQJ VRLO
The plates were installed at a slight angle to allow for drainage to a corner plug connected to a polyurethane tube. A trench dug from the centre of the crescent led into a pit excavated WR P ZKLFK DOORZHG WKH SODWHV DW HDFK GHSWK WR JUDYLW\ drain to plastic collection bottles. The crescent trenches and LQWHUOHDGLQJ WUHQFKHV ZHUH FDUHIXOO\ EDFN¿OOHG HQVXULQJ QR disturbance of the area above the installed plates. The walls of the access pits were reinforced with timber and the pits were covered with a corrugated lid to offer protection from sunlight and rainfall.
Water was collected from all water collectors on a weekly EDVLV IURP 'HFHPEHU WR -XO\ DQG WKH YROXPH
PHDVXUHG $ VRLO FDSDFLWDQFH SUR¿OH SUREH ZDV XVHG WR PHDVXUH YROXPHWULF VRLO PRLVWXUH FRQWHQW DW ZHHNO\ LQWHUYDOV DW FP EHORZ WKH VRLO VXUIDFH YLD DFFHVV WXEHV installed into each plot. A micro-topography was apparent over WKH HQWLUH VLWH SRVVLEO\ FDXVHG E\ OLIWLQJ RI VRLO QHDU WR WUHHV
relative to the soil level of the spaces between trees (5 to 10 cm amplitude). The access tubes were therefore placed within and between the tree rows to represent the variability of soil mois-WXUH LQ HDFK SORW )LJ F 7LPHGRPDLQ UHÀHFWRPHWU\ 7'5 probes were installed in one of each of the treatment plots at DQG FP DXWRPDWLFDOO\ UHFRUGLQJ YROXPHWULF soil moisture content at hourly intervals via a custom-built data-logger.
Soil samples for gravimetric moisture analysis (oven drying at 105 o C until constant mass) were collected periodically to validate soil moisture contents measured with the electronic devices. Further soil samples were collected from each treat-PHQW SORW DW ZHHNO\ LQWHUYDOV E\ LQVHUWLQJ ¿YH FP 39& FRUHV RI FP LQWHUQDO GLDPHWHU LQWR HDFK SORW WR D GHSWK RI FP 6RLOV ZHUH VHSDUDWHG LQWR OD\HUV RI DQG cm depths. Cores were also inserted at various positions between the trees to represent the variability of soil micro-WRSRJUDSK\ ZKLOH DYRLGLQJ WLPEHU H[WUDFWLRQ URXWHV DQG DUHDV disturbed by prior sampling. These soil samples collected formed part of a nitrogen mineralisation and soil carbon and FKHPLFDO FKDQJH FRPSRQHQW RI WKH EURDGHU VWXG\ WKH UHVXOWV of which are not discussed here. A simple semi-quantitative assessment of water repellency was conducted using a water dropper to apply 6 droplets of deionised water to a smoothed surface of a sub-sample of the air-dried soils collected from each of the treatments. Harvest residue and tree biomass accretion was estimated using 20 destructively-harvested trees selected from across the entire site prior to felling and at 6-monthly intervals in the new crop. Masses were scaled from individual trees to a per-hectare scale using allometric relationships developed between tree GLDPHWHU KHLJKW DQG PDVV RI HDFK WUHH FRPSRQHQW )RUHVW OLWWHU layer and residue biomass was collected at 4-weekly intervals from 5 randomly-selected samples taken using a metal ring of 34 cm diameter. Samples were dried at 60 o C to constant mass SULRU WR GU\ PDVV GHWHUPLQDWLRQ 7KH ORVV RQ LJQLWLRQ /2, VDPples ashed at 450 o C for 12 h) was used to estimate the fraction of soil contamination in the litter layer samples. The ring method ZDV XVHG LQ FRQMXQFWLRQ ZLWK PHWDO SODWHV LQVHUWHG XQGHU WKH UHVLGXH LQ HDFK SORW WR DVVHVV ELRPDVV SULRU WR EXUQLQJ DQG WKH ORVV RI ELRPDVV DQG DVK UHPDLQLQJ DIWHU EXUQLQJ /LWWHUIDOO ZDV assessed using 3 randomly-located 1.5 x 1 m litter-fall traps.
Model prediction of water content and drainage
7KH GLPHQVLRQDO +\GUXV ' VRLO PRLVWXUH PRGHO âLPĤQHN HW DO ZDV SDUDPHWHULVHG IRU WKH VWXG\ VLWH DQG XVHG WR predict daily soil moisture content and drainage at each depth. Hydraulic conductivity parameters were estimated using a neural network prediction after Schaap and Bouten (1996) with matrix potential measurements of a similar soil taken from 5LHW] DQG VRLO WH[WXUDO IUDFWLRQV DQG EXON GHQVLW\ GHWHUmined from samples taken at the site (Table 1) . Soil hydraulic parameters are presented in Table 1 D OD\HU of ash and char that did not persist on the soil VXUIDFH DIWHU WKH ¿UVW ZHHN DIWHU EXUQLQJ GXUing which 15 mm of rainfall fell. Only a very small quantity of coarse char remained on the VRLO VXUIDFH LQ VPDOO PRXQGV WKH UHPDLQGHU leached into the soil with larger particles creating a distinctive char horizon between 5 and 10 cm from the soil surface. The soil surface thereafter was predominantly ash-free with only white sand visible.
Change in soil moisture after harvesting
Soil moisture content is presented in Fig. 4 (a) -(c) as the mean and standard deviation of data sets from 10 probes' data in each treatment. Soil moisture recharge in the felled plots began within 1 month after felling (and 72 mm of rainfall) at shallow depths and after 3 months at 100 cm with a further 230 mm of UDLQIDOO 5HFKDUJH LQ WKH VWDQGLQJ FURS SORWV DOWKRXJK RIWHQ OHVV WKDQ LQ WKH IHOOHG DUHDV was rapidly reduced after rainfall during the ¿UVW IHZ VXPPHU PRQWKV DIWHU IHOOLQJ )LJ D -c). During each winter of the study in the SC treatment water content near 100 cm depth remained at a level slightly above wilting point despite being reduced to wilting point at the shallower depths. This may indicate a reduction in root activity at this depth during winter. Soil moisture contents in the No-Burn and Burn treatments were consistently higher WKDQ WKH 6& WUHDWPHQWV DQG VHHPHG WR UHPDLQ DERYH ¿HOG capacity for a period of approximately 2 months during the LQWHUURWDWLRQDO SHULRG HYHQ GXULQJ SURORQJHG SHULRGV ZLWKRXW rainfall. Differences in soil moisture content between residue PDQDJHPHQW WUHDWPHQWV DOWKRXJK UHODWLYHO\ VPDOO UHPDLQHG consistent throughout the inter-rotational period. The No-Burn treatment remained moister than the Burn treatment with up to KLJKHU ZDWHU FRQWHQW DIWHU EXUQLQJ GXULQJ WKH SHULRG IURP felling to about 6 months of age of the new crop. Differences in soil moisture content between the SC and both the Burn and No-Burn treatments decreased as the new crop approached canopy closure. Soil moisture measurements after canopy closure were slightly higher in the No-Burn treatment than the %XUQ WUHDWPHQW ZKLOH VRLO PRLVWXUH LQ ERWK %XUQ DQG 1R%XUQ plots tended to remain below that of the SC treatment.
Variability (standard deviation) between probes and CV within each treatment plot was linked primarily to the probe position relative to the trees. Probes at the centre of 4 trees UHÀHFWHG JUHDWHU ZHWWLQJ DIWHU UDLQIDOO DQG PRUH UDSLG VXEVHquent drying than probes positioned near to trees. Standard deviations and CV across all probes at each depth within each residue management treatment were also greater after rainfall as differences in soil moisture content between probe positions relative to the trees became more exaggerated. This was most apparent in the SC treatment and least apparent in the IHOOHG WUHDWPHQW SORWV GXULQJ WKH LQWHUURWDWLRQ SHULRG YDULability being greater in the Burn treatment at the soil surface. Variability between probe positions began to decrease to similar levels as the SC treatments as new crop growth progressed. 
7KH &9 EHWZHHQ SUREH SRVLWLRQV UHPDLQHG EHORZ DW WKH VRLO VXUIDFH GHFUHDVLQJ ZLWK GHSWK WR EHORZ DV GLIIHUHQFHV
Water collected by plate lysimeters
)LJ D WR F SUHVHQWV PHDQ YROXPHV RI ZDWHU FROOHFWHG DW 50 and 100 cm depths by the plate lysimeters; Fig. 7 presents the total volumes of water collected by the plate lysimeters at HDFK GHSWK FRPSDUHG EHWZHHQ WUHDWPHQWV IRU SHULRGV EHWZHHQ IHOOLQJ DQG UHVLGXH EXUQLQJ EXUQLQJ DQG PRQWKV DIWHU SODQW-LQJ PRQWKV DQG FDQRS\ FORVXUH PRQWKV DQG FDQRS\ closure to 18 months after planting. Cumulative rainfalls GXULQJ HDFK WLPH SHULRG ZHUH DQG PP respectively. Volumes of water collected decreased with depth DQG ZHUH JHQHUDOO\ WKH ORZHVW LQ WKH 6& WUHDWPHQW /DUJHU total volumes of water were collected under the Burn treatment at each depth than under the No-Burn treatment. Despite WKH WUHQGV RI GLIIHUHQFHV EHWZHHQ WUHDWPHQWV QR VLJQL¿FDQW (P GLIIHUHQFHV EHWZHHQ WUHDWPHQWV ZHUH IRXQG 7KH volumes of water collected were dependent on soil moisture content prior to rainfall events and the intensity of each rainfall HYHQW /RZLQWHQVLW\ UDLQIDOO HYHQWV UHVXOWHG LQ PRUH ZDWHU FRO-OHFWLRQ WKDQ VLPLODUTXDQWLW\ KLJKLQWHQVLW\ UDLQIDOO HYHQWV DV the lower intensity of rainfall may have reduced the fraction of ZDWHU ORVW E\ SODWHV RYHUÀRZLQJ Model predictions of water content were poorer than the SC for the No-Burn and Burn treatments during the inter-rotation WR FDQRS\ FORVXUH SHULRG WR PRQWKV after clearfelling. Predicted water content GXULQJ WKLV SHULRG ZDV VLJQL¿FDQWO\ EHORZ YDOXHV PHDVXUHG LQ WKH ¿HOG 5HGXFLQJ VRLO K\GUDXOLF FRQGXFWLYLW\ DQG LQFUHDVLQJ ¿HOG FDSDFLW\ LQ WKH +\GUXV ' PRGHO IRU WKH SHULRG LQ TXHVWLRQ WR OHYHOV GHWHUPLQHG with the probe measurements improved the model's predictive capabilities. An inverse model prediction of soil hydraulic properties was also used to produce improved soil moisture estimation. Although adjusting soil hydraulic conductivity in the Hydrus 1D PRGHO DOORZHG IRU D PXFK FORVHU ¿W EHWZHHQ predicted and observed soil moisture con-WHQW GXULQJ WKLV WLPH SHULRG FKDQJHV LQ other hydraulic parameters could only be estimated. Fig. 8a and Fig. 8b present the Hydrus 1D predicted total volumes of water SDVVLQJ WKH DQG FP VRLO GHSWKV for the duration of the study for the unfelled and felled treatments areas. Values in Fig. 8b are total volumes from felling to 18 months DIWHU SODQWLQJ VXEGLYLGHG LQWR WLPH SHULRGV similar to Fig. 7 . Drainage volumes as predicted by Hydrus (Fig. 8b) HW DO %ODQFR&DQTXL DQG /DO SUHVHQWHG HYLGHQFH of mulches added to the soil surface causing an increase in soil porosity and soil moisture content at wilting point and a decrease in soil bulk density. Changes in hydraulic conductivity induced through microbial activity have also been shown in FROXPQ VWXGLHV WKDW VLPXODWHG VDWXUDWHG VRLOV 6HNL HW DO although these effects associated with forest residue breakdown QHHG WR EH FRQ¿UPHG ZLWK IXUWKHU VWXG\ $ ZDWHUUHSHOOHQW OD\HU LQ WKH VRLO SURGXFHG E\ ¿QH FKDU SDUWLFOHV PD\ DOVR DFW to increase the water retention characteristics of a soil (Moore 2QRGHUD DQG 6WDQ :RRGV DQG %DOIRXU /DUJH TXDQWLWLHV RI QXWULHQWV ORFNHG XS LQ WKH UHVLGXHV DUH rapidly released through residue decomposition into the soil solution during the inter-rotational period. Solutes may be displaced EH\RQG WKH VKDOORZ ¿QHURRWLQJ ]RQH RU ORVW ZKHUH ODUJH TXDQWLties are further leached. This may be a concern where nutrient UHSODFHPHQW WKURXJK QDWXUDO SURFHVVHV RFFXUV DW LQVLJQL¿FDQW rates and where fertilisation is not possible. Although high evap-RWUDQVSLUDWLRQ UDWHV DQG ZDWHU XVH RI HXFDO\SWV ZKLFK FDQ OHDG WR GHFUHDVHG VWUHDP ÀRZ DUH D GLVDGYDQWDJH RQ ZDWHUOLPLWHG VLWHV ZKHUH WKHUH DUH RWKHU FRPSHWLQJ KXPDQ DJULFXOWXUDO LQGXVWULDO RU HQYLURQPHQWDO UHTXLUHPHQWV IRU ZDWHU KLJK HYDSRWUDQVSLUDtion rates and water use may limit nutrient loss from plantation forests. This may be of importance to infertile sites where loss or displacement of nutrients with drainage can negatively affect growth. This principle was demonstrated in studies conducted on the sandy soils of Congo and Brazil where water did not GUDLQ EH\RQG D GHSWK RI P GHVSLWH D IDU KLJKHU UDLQIDOO WKDQ WKDQ UHFRUGHG IRU WKH SUHVHQW VWXG\ VLWH 1RXYHOORQ HW DO The loss of nutrients in that study had a far more negative effect than the loss of water. Sites at risk of nutrient loss may therefore require special management. Allowing temporary coppice regrowth and planting to achieve earlier canopy closure may limit drainage and nutrient leaching loss that may occur if plantation areas are left fallow for prolonged periods.
Predicted water content using Hydrus model
Conclusion
'HVSLWH WKH GLVDGYDQWDJHV RI KLJK ZDWHU XVH DQ LPSOLHG UHGXFtion in nutrient leaching or displacement under a full-canopied crop may allow more nutrients to be retained in the active rooting zones under the undisturbed forest stand. 
